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ABSTRACT
This paper integrates genetica! studies of variation in the wing patterns of Lepidoptera with experimental
investigations of developmental mechanisms. Research on the tropical butterfly, Bicyclus anynana, is
described. This work includes artificial selection of lines with different patterns of wing eyespots followed
by grafting experiments on the lines to examine the phenotypic and genetic differences in terms of
developmental mechanisms. The results are used to show how constraints on the evolution of this wing
pattern may be related to the developmental organisation. The eyespot pattern can be envisaged as a set of
developmental homologues; g common developmental mechanism is associated with a quantitative genetic
system involving high genetic correlations. However, individual genes which influence only subsets of the
eyespots, thus uncoupling the interdependence of the eyespots, may be important in evolutionary change. The
postulated evolutionary constraints are illustrated with respect to differences in wing pattern found among
other species of Bicyclus.
1. INTRODUCTION
An understanding of evolutionary change and the constraints upon it requires
consideration, not only of the evolutionary genetics of variation within natural populations,
but also of the developmental mechanisms which translate genotype into phenotype. The
spectacular and diverse colour patterns on the wings of adult Lepidoptera constitute a
favourable system in which to attempt this synthesis.
Variation in wing pattern within particular species has provided the material for
numerous studies of genetic variation, natural selection and adaptation (examples in
Brakefield, 1984, 1987a; Turner, 1984; Bowers et al., 1985; Mallet & Barton, 1989; Watt
et al., 1989; Kingsolver & Wiernasz, 1991a, b). In addition, the processes of pattern
determination and differentiation underlying the development of the phenotype can be
experimentally investigated (Nijhout, 1991). Surgical manipulations reveal the cell
interactions by which the patterns of cell fate are specified on the wing epidermis, and the
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physiology and biochemistry of pigment synthesis can be examined (Nijhout, 1980; Koch,
1992). Furthermore, detailed comparative analysis of the wing patterns, coupled with
mathematical modelling, is yielding considerable insights into the developmental basis of
the extreme diversity occurring within this monophyletic group (Nijhout, 1990, 1991).
The adult butterfly wing is formed by a region of the epidermal cell layer which
develops in the larva as an internal pouch, the imaginai disc, which finally secretes a
smooth cuticle and evaginates at pupation to form the simple pupal wing. The cells of the
wing epidermis divide in the early pupa, and transverse rows of scale cells differentiate to
form large, flattened protrusions. Towards the end of the pupal stage, the adult cuticle is
secreted by the general epidermis and the scale cells, and then most of the epidermal cells
die (Nijhout, 1980). The adult wing expands fully after eclosion and its surface is covered
by a mosaic of coloured, partially-overlapping, distally-orientated scales. Some colours arise
from the detailed surface structure of the scale cuticle, which produces reflection and
interference of light (creating 'structural' whites and iridescent blues and greens), and others
from the pigments which are deposited in the scale cuticle. A characteristic colour pattern
forms because the structure and pigmentation of the scale cuticle depends on the cell's
position on the wing surface. There is substantial evidence that the pattern is specified by
epidermal cell interactions in the larval imaginai disc and the early pupal wing, long before
the scales are formed or pigment is synthesised (see below).
2. WING PATTERN DIVERSITY AND
DEVELOPMENTAL MECHANISMS
Lepidopteran wings exhibit great diversity in design and in colour, with the pattern of
almost every species being distinct from all others. Patterns on the dorsal and ventral wing
surfaces are frequently quite dissimilar and those of the forewing and hindwing are also
different. In addition some species are genetically colour-polymorphic while others show
seasonal polyphenism or phenotypic plasticity, by which individuals with similar genotype
(e.g. full sibs) can develop different patterns in response to rearing conditions (Shapiro,
1976).
It has long been recognised that much of this colour pattern diversity can be categorised
in relation to an idealised maximal pattern, the 'nymphalid ground plan' (Schwanwitsch,
1924; Suffert, 1927), consisting principally of transverse bands and a transverse row of
border eyespots, one in each wing cell (Fig. 1A). Some species exhibit clearly most of the
components of the ground plan, or only some of the components (e.g. the central banding
pattern, or a few of the eyespots), and a wide range of other patterns can be interpreted in
terms of partial expression and distortion of the ground plan (Nijhout, 1991). The ground
plan was originally proposed for the family Nymphalidae, but has subsequently been used
to interpret patterns in most of the other major families of butterflies and moths
(Schwanwitsch, 1956; Nijhout, 1978, 1991).
Nijhout (1978, 1991) has argued that the utility of the ground plan in interpreting wing
patterns and in establishing firm homologies between different patterns indicates the
existence of common developmental mechanisms. In a pioneering study, he showed
(Nijhout, 1980) that the large dorsal forewing eyespot of the nymphalid butterfly, Precis
coenia, could be eliminated by microcautery of its presumptive centre (the focus) on the
early pupal wing. Furthermore, grafting the focus to a different position caused a small
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Fig. 1. The 'nymphalid ground plan' (modified from Nijhout, 1991).
A) the basic pattern, comprising the proximal symmetry system of bands (PB), the central symmetry
system (CB), the row of border eyespots (E) centred within each space (wing-cell) between adjacent
veins (v), the parafocal elements (P; very diverse in shape), and the distal or marginal (M) bands.
B) Diagram of a simple source/diffusion model for specifying position of the parafocal elements and
border eyespots (each shown in only two wing-cells), and the central bands. Production of diffusible
morphogen at localised sources or foci (/) will produce concentration gradients in the wing
epidermis (dashed lines denote morphogen concentration 'contours'), and cellular response to a
specific concentration range will eventually lead to pigment synthesis and formation of the coloured
pattern element (stippled). A row of foci centred in each wing-cell can specify either discrete
eyespots or symmetrical bands, while a source located along the wing margin and extending
proximally between the veins could specify the parafocal chevrons.
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eyespot to form in the surrounding epidermis. Clearly, the eyespot is specified by a signal
from the focus, and this could be an unstable molecule (a 'morphogen') produced at the
focus and diffusing away through gap junctions within the epidermis to form a radial
concentration gradient (Nijhout, 1980). If epidermal cells subsequently synthesise and
deposit pigment in response to morphogen concentration, the gradient levels will define the
concentric rings of the future eyespot (Fig. IB).
Nijhout (1978, 1990) suggested that a similar mechanism could also specify banding
patterns, as the adjacent diffusion gradients from a row of foci would merge to form a
morphogen ridge across the wing (Fig. IB; see also Bard & French, 1984). Microcautery
does cause deformations of the banding patterns of Ephestia kuhniella and related moths
(Kühn & von Engelhardt, 1933; Toussaint & French, 1988) which are generally consistent
with the model, but they provide little evidence for discrete foci.
Nijhout (1990, 1991) has extended the simple gradient model to show that most of the
diverse parafocal pattern elements (see Fig. 1) could be formed by a diffusion gradient (or
an additive interaction between two gradients) generated by foci (morphogen sources or
sinks) at a few standard positions (e.g. midway between veins, and along the wing margin
and distal parts of the veins). Thus very similar developmental mechanisms could specify
the different components of the ground plan, and a great diversity of pattern could be
generated by variation in the number, shape and exact position of the active foci, in their
strength, in the degree to which the wing veins restrict diffusion between adjacent wing-
cells, and in the response characteristics of the wing epidermis (Nijhout, 1991).
These gradient models are very impressive in indicating the degree of developmental
homology which may underlie dissimilar wing patterns and the different components of a
pattern. Currently, however, they lack direct experimental evidence, apart from the results
of cautery and grafting experiments on the foci of the border eyespots (Nijhout, 1980; see
below).
3. GENES AND WING PATTERNS IN HELICONIUS
The genetic control of wing pattern has been extensively studied in mimetic species
which are naturally polymorphic, such as the strikingly patterned (and distasteful)
Heliconius butterflies of Central and South America (see Turner, 1984; Sheppard et al.,
1985; Mallet, 1989; Nijhout, 1991). H. melpomene (and other species of the genus) has a
largely black wing with red, yellow and white markings; the precise pattern can vary
dramatically among geographical races. Breeding experiments involving crosses between
the races have shown that most of the diversity can be explained by alternative (usually
only two) alleles at just over 20 'major pattern loci'. In most cases, the pattern differences
between two of the races can be largely attributed to differences at three or four loci, with
additional small polygenic effects ('genetic background'). Outside narrow zones of
hybridisation and contact, each individual race exhibits monomorphism in nature due to
homozygosity at the major loci.
The analysis of these genetic influences on pattern in terms of their effect on
developmental mechanisms is, unfortunately, complicated by the nature of the basic
Heliconius pattern, which appears to be very different to the eyespots and bands of the
nymphalid ground plan. Nijhout and Wray (1988) have studied the patterns of different
species of Heliconius and closely related genera. They conclude that the patterns are
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equivalent to the general nymphalid ground plan but with a distinct shift in position of some
of the pattern elements (which are black and, in some cases, red) and considerable fusion
between them. In this case, the wing pattern of a species, such as H. melpomene, would
appear as large (but composite) areas of black, between which small windows of the yellow
or white wing background would remain as the characteristic markings (Fig. 2A). The
pattern elements could form by the familiar mechanism of morphogen diffusion from
discrete foci, with the wing veins largely isolating the neighbouring wing-cells (Nijhout and
Wray, 1988). If this interpretation is correct, genetic effects on red colour markings would
be direct, but those on the white or yellow markings would be the indirect result of an
effect on the position or extent of neighbouring pattern elements (Nijhout et al., 1990;
Nijhout, 1991).
From analysis of the data relating to many of the H. melpomene pattern loci, Nijhout
(1991; Nijhout et al., 1990) argues that most of the genetic effects can indeed be understood
as alterations in the colour (red/black), the position or extent of particular pattern elements,
sometimes on both forewing and hindwing. In most cases, as in locus C illustrated in Fig.
2B, it seems probable that the homologous foci in all wing-cells are altered in their position
or their signalling properties. For other loci, the effect on pattern is more widespread,
altering the extent of several of the pattern elements (Fig. 2C), perhaps through epidermal
response rather than the distribution of morphogenetic signals (Nijhout, 1991). Among the
gene loci analysed, there does seem to be one, T, which specifically influences one pattern
element in only one wing cell (Fig. 2D).
The analysis of genetic effects on pattern development in Heliconius are intriguing and
persuasive, but they do rest heavily on the interpretation in terms of particular pattern
elements (Fig. 2A), for which there is no experimental evidence, and on the formation of
each of these elements by morphogen diffusing from a focus. If basic experimental support
could be given to this interpretation, through surgical operations similar to those used on
Precis and Bicyclus (see below), then the various geographical races of Heliconius could
be a powerful system in which to explore the effects on developmental mechanisms of
'major genes' and also of the smaller polygenic effects. However, there remains a problem
(as pointed out by Nijhout, 1991): if the interpretation is correct, the Heliconius pattern
consists mostly of pattern elements which are indistinguishable from each other, and can
only be analysed in the few areas where they do not merge together (see Fig. 2B).
The following part of this paper describes the progress in our own research on the
eyespot pattern of a nymphalid butterfly of the genus Bicyclus which is integrating
experimental work on developmental mechanisms with genetical studies of variability in
pattern. We will finally show how the results from these studies in a single species may be
used to indicate the potential for evolutionary constraints on pattern change and to make
interpretations about some examples of phenotypic divergence observed among species of
Bicyclus.
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Fig. 2. Interpretation of genetic effects on wing pattern formation in Heliconius (modified after Nijhout and
Wray, 1988; Nijhout et al., 199O, Nijhout, 1991).
A) Foci, pattern elements and wing pattern in H. mclpomtne. The suggested pattern of foci (ƒ) is
shown, and heavy dashed lines connect serial homologues corresponding to foci of the marginal
bands (M), the border eyespots (E), to distal (Bd) and proximal (Bp) components of the central
banding pattern, and to the proximal bands (PB) of the nymphalid ground plan (see Fig. 1). Note
that there is a minor discrepancy between the patterns of homology proposed in Nijhout et al. (1990)
and in Nijhout and Wray (1988) and Nijhout (1991): the former is shown here. The spread of
morphogen signal is indicated by arrows, and lines show the limits of areas thereby specified as
pattern element. Merged pattern elements differentiate as black (or red), and unspecified windows
correspond to the traditional markings of Cell Spot (CS), Band (B) and Belem Spot (HS).
B-D) Interpretation of the effects of alternative allelcs at three major pattern loci. In each case, the
left diagram shows only the altered region of the ground plan and the right drawing represents the
effect on pattern, relative to that shown in A (in the geographical races, alleles at other loci and
differences in genetic background further modify the pattern).
B) The dominant allele at locus C may shift distally the Bp foci (heavy arrows), eliminating the Cell
Spot and Belem Spot, but leaving a proximal unspecified region, the Ecuador Triangle (ET). It
cannot be determined whether the most posterior of the foci ( 7) is affected, as the wing is black
throughout this region.
C) The dominant S allele reduces the width and proximal extent of the Band and reduces the Belem
Spot. This may result from more extensive spread of morphogen signals from many foci (arrows)
or from a reduced response threshold in this region.
D) The recessive / allele exposes the Ecuador Triangle, perhaps by specifically eliminating one of
the Bp foci (dashed), leaving the others unaffected so that the other markings are unaltered.
4. EXPERIMENTAL ANALYSIS OF EYESPOT DEVELOPMENT
IN BICYCLUS ANYNANA
The butterfly, Bicyclus anynana, has a simple dorsal forewing pattern comprising small
anterior, and large posterior eyespots (each consisting of a white centre, a dark brown
surround and a gold outer ring, on a mid-brown wing surface), while the ventral forewing
pattern has the corresponding eyespots and also a rather indistinct banding pattern (Fig. 3).
The hindwing usually bears no pattern dorsally, and a row of border eyespols together with
a banding pattern ventrally (Fig. 3).
We have examined the developmental mechanisms underlying eyespot formation in B.
anynana, using cautery and grafting experiments performed on the accessible dorsal
forewing epidermis. Elimination of the foci by microcautery in the early pupa (at l-12h
after pupation, in a pupal period of 6-7 days at 28°C) resulted in elimination of (or drastic
size reduction in) the anterior and posterior eyespots (Fig. 4A), while similar damage
inflicted elsewhere on the wing surface had no effect on pattern (French & Brakefield,
1992). The importance of the foci is also shown by the results of grafting experiments on
B. anynana. Grafting a small square of epidermis from a focus to another distal position on
the wing at 3-4h after pupation, induced an eyespot around the graft (Fig. 4C), whereas a
non-focal graft had no effect (French & Brakefield, unpublished).
These results resemble those of similar experiments on Precis (Nijhout, 1980), and are
consistent with the normal eyespots forming in response to a signal (such as a morphogen
gradient) originating from the foci. In B. anynana, however, a later microcautery (at 12-24h)
appeared to mimic the focus in generating pattern (French & Brakefield, 1992), so the focal
cautery enlarged the anterior eyespot (but rarely the larger posterior eyespot) and non-focal
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Fig. 3. Drawings of the wing pattern of Bicyclas anynana (Nymphalidae, Satyrinae), showing the dorsal
(A, C) and ventral surfaces of the forewing (A, B) and hindwing (C, D). Abbreviations as in Fig.
1 A. The major pattern elements are eyespots (white, dark-brown and gold) and, on the ventral
surfaces, a central symmetry system of bands. An indistinct outer annulas of the ventral eyespots
is marked by dashed lines, as are small eyespots sometimes found in particular wing-cells on the
dorsal surfaces. Developmental homology is indicated between eyespots in different wing-cells (1),
on dorsal and ventral surfaces (2) and on forewing and hindwing (3), and is also suggested between
eyespots, bands and parafocal chevrons (4).
cautery induced a new, ectopic eyespot (Fig. 4B). The simple focal source/diffusion model
seems incompatible with this result, as damaged or dead cells are unlikely to produce
morphogen, but there are two forms of gradient model which can explain the results of both
the early and later cautery (French & Brakefield, 1992). It may be that the focus is a
morphogen source which can be eliminated by cautery, but that cautery also has the
transient effect (until healing is completed) of reducing the response threshold to morphogen
of the surrounding cells. Alternatively, the focus may generate the gradient by acting as a
sink, and cautery will remove a focus but also transiently mimic its effect through causing
morphogen destruction or leakage. Both of these models are compatible with the results of
further experiments in which early cautery increased eyespot size and induced ectopic
eyespots when the severity was increased (French & Brakefield, 1992). The difference
between the Precis and Bicyclus results (and between those from the different wing surfaces
of Bicyclus; Brakefield & French, unpublished data) are likely to result from differences in
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Fig. 4. The effects of pupal surgical operations on the adult dorsal forewing pattern of Bicyclus anynana.
A) Pattern on the experimental left wing (I) and control right wing (n) of an animal following
microcautery 1 hour after pupation at the two eyespot foci and at one non-focal position (arrows),
showing elimination of the anterior eyespot, great reduction in size of the posterior eyespot (/'£) and
no effect at the non-focal site.
B) Experimental wing following microcautery 12 h after pupation (arrows), showing enlargement
of the anterior eyespot (AE), slight enlargement of the indistinct posterior eyespot (PE) and an
ectopic eyespot (Ecf) at the non-focal site.
C) Large ectopic eyespot (Ect) induced by grafting (at 3.5 h after pupation) the posterior focus to
a more distal position on a more anterior wing-cell (arrow).
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Fig. 5. Differences between anterior and posterior focal signals (A), and between distal and proximal
epidermal response (B, C) in B. anynana.
A) Eyespot patterns resulting from changing the positions of anterior and posterior foci by grafting
(arrow); experimental (i) and control (11) wings are shown. The grafted posterior focus has induced
a large eyespot in the anterior wing-cell (AE'), while the posterior wing-cell now has a small eyespot
pattern (/>£')•
B) Pattern resulting from grafting the posterior focus into a proximal region of the wing (arrow).
The graft has differentiated white (plus a few dark-brown) scales, but the host cells have not
responded by forming any of the dark-brown or gold scales of an eyespot (').
C) Pattern following microcautery 18 h after pupation at multiple non-focal positions (arrows). In
the four distal wing regions ectopic eycspots (Eel) have formed, with no major differences in
frequency or size, but at the two proximal sites there is a little local damage but no pattern
formation in response to microcautery.
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timing and in sensitivity to damage, rather than in major differences in mechanism.
The anterior and posterior eyespots of B. anynana (and also of many other butterflies)
differ considerably in size, and this could result from a difference in the focal signal or in
the response thresholds of the anterior and posterior wing epidermis. We examined this
issue by grafting and microcautery experiments (French & Brakefield, unpublished). The
eyespot induced around a grafted focus was smaller than the control eyespot normally
formed around that focus, presumably because of damage caused by the operation. There
was no apparent difference, however, between eyespots induced by a given focus on the
anterior- or posterior-distal wing. By contrast, the eyespot induced in a given position by
a grafted posterior focus was considerably larger than that resulting from an anterior focal
graft. Similarly, swopping the positions of the two foci resulted in a wing bearing a large
anterior and a small posterior eyespot (Fig. 5A). These results demonstrate that the size
difference between the two eyespots results from differences in focal signal (perhaps
morphogen concentration) rather than in the response of anterior and posterior epidermis.
Grafting did reveal, however, a dramatic difference in response between distal and proximal
wing epidermis: a focus grafted into a proximal position healed but did not induce
formation of an eyespot pattern (Fig. 5B). Epidermal response was explored by
microcautery and, here also, no major differences were found in frequency or size of ectopic
eyespots caused by late cautery in anterior- or posterior-distal positions, but a similar
operation failed to affect pattern in proximal wing regions (Fig. 5C). Proximal ectopics
could be induced only by very severe cautery, and were small (Brakefield & French,
unpublished).
These surgical experiments have shown that eyespot formation in Bicyclus can be
explained in terms of a mechanism which involves a focal signal (perhaps a morphogen
gradient) and epidermal response thresholds, and which operates in the early pupa. They
have demonstrated differences in strength of signal (between anterior and posterior foci) and
in response threshold (between distal and proximal wing epidermis), but do not indicate
how these properties may be established in the earlier development of the imaginai disc. We
have examined variation in these components of the developmental mechanism using the
approaches of evolutionary genetics to combine selection experiments with experimental
studies of the development of divergent phenotypes.
5. GENETIC VARIATION FOR THE EYESPOT PATTERN
OF BICYCLUS ANYNANA
B. anynana, in common with many other species of this genus, expresses phenotypic
plasticity in the size of the eyespots on the ventral surface of the wings. Butterflies flying
in the wet season have conspicuous, well developed ventral eyespots, while these eyespots
are dramatically reduced in size in the dry season adults (Brakefield & Reitsma, 1991).
Both rearing temperature and larval development time are important in determining the
seasonal wing phenotype (Brakefield & Reitsma, 1991; Windig, 1992). A functional
explanation for this plasticity (Brakefield & Larsen, 1984; Brakefield, 1987b) involves
seasonal changes in the way in which selection favours crypsis (very small eyespots) or
devices to deflect predator attacks away from the vulnerable body. The eyespots on the
dorsal surface of the wings of Bicyclus express little or no phenotypic plasticity (J.C.
Roskam, unpublished data).
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The existence of additive genetic variation for eyespot size on the ventral surface of the
wings of the wet season form of B. anynana has been investigated by offspring-parent
regression and a full sib analysis, and by selection experiments performed at 28°C
(Holloway et al., 1992; Windig 1993). High heritabilities of about 50-60% and substantial
additive genetic variance have been found (cf. for Maniola jurtina, Brakefield & van
Noordwijk, 1985). Selection on the diameter (relative to wing length) of the small anterior
eyespot on the ventral forewing surface produced more-or-less symmetrical and smooth
responses in an UP-line and a DOWN-line over about ten consecutive generations of
selection (Holloway et al., 1992). The size of the selected eyespot showed non-overlapping
frequency distributions by the end of the experiment, and there were also strong correlated
responses in the size of other border eyespots. Thus the UP-line was characterised by a set
of large eyespots, while the DOWN-line had small eyespots. The correlated responses
indicate that positive genetic correlations exist among the various eyespots. Very similar
results have been obtained in B. anynana by selecting on the largest of the ventral hindwing
eyespots in butterflies reared at a lower temperature (20°C), at which intermediate
phenotypes between the two extreme seasonal forms normally occur (van Oosterhout et al.,
1993). Comparable phenotypic correlations have previously been described for wing pattern
characters in other butterflies (see Brakefield, 1984; Nijhout 1991; Paulsen & Nijhout,
1993). Kingsolver and Wiernasz (1991a, b) have also recently found positive genetic
covariances for the wing pattern of melanized patches in Pieris occidentalis.
In order to analyse experimentally the interactions between the forms of genetic variance
demonstrated for eyespots and the developmental processes specifying these patterns, we
established stocks with divergent phenotypes in the pattern of eyespots on the accessible
dorsal surface of the forewing. We selected on the diameter of the large posterior dorsal
eyespot of B. anynana (Monteiro et al., 1994) and, once again, a rapid and smooth response
occurred in both a HIGH and a LOW line. Estimates of realized heritability varied between
47 and 67% (with standard errors of around 5%), comparable to a value of 76 ± 23%
obtained by offspring-parent regression. Substantial additive genetic variance is thus present
in our stock population for the size of the large dorsal forewing eyespot. Furthermore, as
in the ventral selection experiments, other eyespots echoed the changes in the selected
eyespot; HIGH line butterflies expressed generally larger eyespots than those of the LOW
line (see Fig. 6A). An additional striking effect was the consistent presence of 2-4
additional eyespots on the dorsal surface of the hindwing in HIGH line butterflies.
Stocks with almost non-overlapping frequency distributions of eyespot size were
obtained after five generations. Fig. 6A shows typical specimens produced after a further
seven generations of selection (by a less rigorous procedure), by which stage the selected
eyespot (usually also the anterior dorsal one) was absent in most males and many females
of the LOW line. Furthermore, two pairs of reciprocal mass crosses made between the
HIGH and LOW (all individuals lacking the selected eyespot) lines showed only a very low
Fig. 6. Phenotypic variation in the eyespots of Bicyclus anynana.
A) Representative female butterflies from generation 12 of lines of B. anynana selected for the size
of the posterior dorsal forewing eyespot. LOW and HIGH line butterflies are shown in the left and
right columns, respectively. Upper and lower rows show the dorsal and ventral surfaces,
respectively.
B) Homozygotes for the spotty allele in Bicyclus anynana. Upper and lower rows show females and
males, respectively. Left and right columns show dorsal and ventral wing surfaces, respectively. The
genetic background of these butterflies incorporates that of the HIGH selected line.
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rate of recovery of the extreme 'spotless' phenotype in the F2 generation, indicating these
lines were fixed for alternative alleles at more than a few gene loci (Brakefield and French,
unpublished data). Thus eyespot size is both a threshold quantitative character (Falconer,
1989) and one influenced by a number of genes each with a small phenotypic effect (cf. for
other quantitative characters, Lande & Barrowclough, 1987).
In summary, our genetical experiments show that the eyespot pattern of B. anynana
behaves, in terms of quantitative genetics, as a more-or-less integrated unit. Although
responses to selection are most rapid for the selected eyespot, major responses in the same
direction occur for all other eyespots, especially those on the same wing surface. There is
substantial additive genetic variation, and genetic covariances among individual eyespots
are high and positive. There is evidence of a positively correlated, but more limited,
response in the ventral central band (Holloway et al., 1992; van Oosterhout et al., 1993;
Brakefield & Kesbeke, unpublished data).
6. GENETIC VARIATION AND DEVELOPMENTAL PROCESSES
IN BICYCLUS ANYNANA
The large difference in size between the dorsal posterior eyespots of the HIGH and
LOW selected lines enabled us to analyse, by grafting experiments, the effects of selection
on eyespot development in terms of changes in the focal 'signal' or in the epidermal
'response' (Monteiro et al., 1994). Reciprocal grafts were performed between the left dorsal
wing surfaces of two pupae, moving the focus of the selected eyespot to a corresponding
position in a more anterior wing cell of the host. The diameters of the control (right)
eyespots of host and donor and of the eyespot induced in the host wing by the focal graft
were measured after adult emergence. Grafts were done between pupae from the same line
to assess the effect of the operation on the size of the resulting eyespot, and between pupae
from the HIGH and LOW lines, to assess the contribution of the focal signal (graft) and the
epidermal response (host).
Several conclusions were drawn from the data analysis (Monteiro et al., 1994):
1) In both lines the damage caused by grafting reduced the induced eyespot area to
about 40% of that of the control.
2) HIGH and LOW line grafted foci differ in their effect, and thus in their signalling
properties. The eyespot resulting from a HIGH line focus grafted into either a HIGH or
LOW line host has over twice the area of that resulting from the graft of a LOW line focus
to the corresponding host.
3) The host HIGH or LOW line environment also influences eyespot size. Either type
of focus, when grafted into a HIGH line host, produces an eyespot which is at least 50%
larger in area, on average, than when grafted into a LOW line host.
4) Although the nature of both the components influences eyespot size, the focus has
the stronger effect.
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7. GENETIC VARIATION, DEVELOPMENTAL ORGANISATION
AND EVOLUTIONARY CONSTRAINTS
The responses to selection, plus the results of the focal grafting experiments,
demonstrate additive genetic variance for both the signalling and response components of
the developmental mechanism which specifies eyespot size in B. anynana. The potential for
evolutionary change, therefore, involves each of these components. The selection
experiments, however, also demonstrate that the individual eyespots do not behave as
independent genetic characters. It is likely that all border eyespot patterns are
'developmental homologues' (Fig. 3) and form by the same basic developmental
mechanism. In this case, allelic combinations favoured by natural selection for their effect
on the size of one eyespot (through the morphogen gradient or the response to it) would be
expected to have a similar effect on other eyespots. Such positive genetic correlations were
indeed a common feature of the selection experiments. Thus the complex trait of the overall
eyespot pattern involves a set of interrelated quantitative characters with genetic correlations
resulting from the pleiotropic effects of genes which influence the common developmental
mechanism. Kingsolver and Wiernasz (1991a, b) have made similar inferences for the wing
pattern of melanized patches in the butterfly Pieris occidentalis, but without any direct data
about developmental pathways.
The nature of the response to artificial selection suggests that there may be constraints
on evolutionary change in the eyespot pattern. Thus, while selection can lead to rapid
general changes in eyespot size in B. anynana, it may be difficult to achieve a response to
selection for changes in the characteristic pattern of relative size of the eyespots. This
pattern presumably results from an earlier developmental process in which the positions and
strengths of the foci are determined (see above). In other words, the positive genetic
correlations demonstrated among eyespots imply that progress towards a pattern in which
an individual eyespot, or a subset thereof, is changed while other eyespots remain
unchanged (or change in the opposite direction) will be slow or difficult to achieve (see
central part of Fig. 7; cf. Via & Lande, 1985). The response to selection does tend to be
most rapid for the selected eyespot (Holloway et al., 1992; Monteiro et al., 1994), however,
indicating that genetic correlations are not unity, and thus that there may be genes whose
phenotypic influence is not uniform across eyespots. These may provide some potential for
a slow response to selection favouring a change in the size relationships among eyespots.
The upper part of Fig. 7 illustrates similar predictions which can be made for other
features of the eyespot pattern: the shape of eyespots and their proximal-distal position.
Composition of the eyespot (the relative size of the black and gold annuli) is another feature
which can be considered in this way. Given that additive genetic variation exists, then each
of these four features - size, shape, position and composition - is predicted to change readily
through selection in such a way that the whole eyespot pattern responds in a more or less
uniform way. Conversely, changes in any feature involving only a subset of the eyespots
are predicted to be more 'difficult' to achieve. These predictions are being tested by
appropriate artificial selection experiments on B. anynana.
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Fig. 7. A diagrammatic representation of some possible pathways for evolutionary change in eyespot
patterns among species of Ricyclus. Solid arrows indicate transitions considered to be of
comparatively high probability because they are consistent with ideas about the interactions between
genetic variances and developmental organisation; they might, however, also be produced by alleles
of 'major' genes which have a general phenotypic effect. Dashed arrows indicate examples of
transitions which could only be achieved at a slow rate (if at all) based on selection on the genetic
variances involving alleles of small phenotypic effect; such changes involving only a subset of the
eyespots may be much more likely to occur under the influence of allelic substitution at a 'major'
gene.
8. 'MAJOR GENES' AND DIVERGENCE IN
EYESPOT PHENOTYPES
In some species, 'major genes* are known for which allelic differences have a relatively
large and uniform phenotypic effect on the border eyespots (see Robinson, 1990). Thus in
the European satyrine butterfly, Aphantopus hyperantus, a single autosomal recessive allele,
lanceolata, produces eyespots which are ellipsoidal, rather than circular in shape (Ford,
1945; Collier, 1956; Revels, 1975). Another distinctive phenotype, chrysophaloros, in which
the outer gold annulus is remarkably prominent, is also inherited as a simple recessive
(Collier, 1967). A further aberration in this species, crassipuncta, in which the eyespots are
reduced to white dots, is probably due to a dominant allele (Collier, 1950).
The lower part of Fig. 7 suggests that evolutionary change could also involve genes
producing a similarly discontinuous change, but only to a subset of the eyespots. This
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Table I. The inheritance of the spotty phcnotypc. Numbers of male and female offspring of differing
forewing eyespol pattern are given for four groups of crosses involving the pure breeding spotty stock of B.
anynana. Homogeneous families of the same type of cross descended from the same original mass pairing
of parental stocks are pooled (>1 indicates a parental mixing of 10-20 males and virgin females). Phenotypes
are denoted by: S = spotty; I = Intermediate with one (la) or both (Ib) of the additional eyespots present but
smaller than in spotty; + = wild type without additional eyespots, +h derived from the selected HIGH line
and * m from an unselected stock population. There are no significant deviations (chi-square tests) in the F2
families from the appropriate expected segregation ratio for spotty to all other phenotypes combined of 1 :
3 or 1 : 1 (see text). Note that groups B and C originate from the same original mass pairing.
Group of Generation
cross
A
B Parental
Fl
Backcross
C Parental
Fl
Fl
Fl
D Parental
Fl
Phenotypes
of parents
S x S
S x +h
I x 1
S x I
S x +h
I x l
I x I
I x I
S x +m
+ or I
N
families
2
>1
6
7
»1
1
4
3
>1
5
Offspring henotypes
4-
0
1
42
6
1
7
13
6
32
93
la
0
63
62
64
63
25
26
18
38
38
Ib
6"
12
48
48
12
4
30
16
2
17
S
48
2
45
125
2
10
27
12
0
38
", all males
suggestion is based primarily on our discovery in B. anynana of a single autosomal allele,
spotty, which apparently has the effect of uncoupling the interdependence of the eyespots
seen or inferred at the levels of quantitative genetics and developmental mechanism.
Homozygotes for spotty exhibit a row of four adjacent eyespots on both the dorsal and
ventral forewing (Fig. 6B), rather than the wild type pattern of two eyespots with two
intervening wing-cells with no eyespots (or tiny 'supernumerary' spots). The eyespots tend
to progress evenly in size from the anterior, through to the large posterior eyespot.
Moreover, fusion of the black and gold regions of the eyespots produces a characteristic
pattern of an outer gold rim enclosing a single black ellipse with a row of four white pupils.
It is noteworthy that this phenotype (without the white pupils) would resemble the banding
patterns which are widely exhibited in butterflies and moths, and are interpreted by Nijhout
(1990, 1991) in terms of the focus-gradient model (see Fig. 2B). The spotty allele appears
to have no effects on the hindwing eyespots or on the other wing cells of the forewing. This
specificity appears to represent an effect analogous to that postulated for the T locus in
Heliconius (see above).
Some hétérozygotes of spotty show an intermediate phenotype. A pure-breeding stock
has been established in which all except a small proportion of males exhibit the most
extreme spotty phenotype (the data for two families from this stock are included in Table 1,
type A crosses). The Fl hétérozygotes from crosses between butterflies from this stock and
the selected HIGH line of Monteiro et al., (1994), can usually be distinguished from either
r
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Hg. 8. The lower specimen shows the result on the left forewing of grafting the lower of the two additional
foci expressed in spotty homozygotes otBicyclus anynana to a more posterior and slightly proximal
position. The upper specimen shows a control in which the same operation was performed with a
HIGH line butterfly; there is no induced eyespot.
homozygote by the presence of small supernumerary eyespots in the intervening wing cells
between the anterior and posterior forewing eyespots (Table l, B crosses). Backcrosses of
these hétérozygotes to spotty homozygotes produced similar results. In some families arising
from crossing hétérozygotes (e.g. type C), there is, however, a deficiency of the wild type
butterflies with no additional eyespots. Butterflies with such eyespots are present in the
HIGH line and in the unselected stocks (although the spotty allele is absent) and it appears
that genetic factors other than spotty can produce this phenotype. The Fl and F2 of crosses
between spotty and an unselected stock (type D) show an excess of wild type phenotypes
indicating that in this genetic background many hétérozygotes are indistinguishable from
the wild type homozygote. The expression of the spotty allele in hétérozygotes is thus
variable and dependent on the genetic background.
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We have performed grafting and microcautery experiments on pupae of the pure
breeding spotty stock, to investigate the developmental basis of the phenotype (unpublished
data). Early damage to either of the middle foci can bisect the coalesced 'band' of four
eyespots, producing separate double and single eyespot patterns. Similar damage inflicted
at a later stage can enlarge the corresponding region of the 'band'. These results closely
parallel those for the normal anterior and posterior eyespot foci (French & Brakefield, 1992;
see above). In the spotty stock, one of the middle foci can induce an ectopic eyespot when
moved to a more posterior location, whereas the corresponding region from a wild type
animal has no effect (Fig. 8). These results indicate that the spotty allele leads to the
determination of two active foci, in addition to those normally formed on the wing surface
of B. anynana.
To date, spotty seems to be the clearest example of a 'major pattern locus' able to
uncouple the interdependence of the eyespots. The lower part of Fig. 7 indicates how allelic
substitution at such genes might be expected to influence the shape, position or composition
of subsets of eyespots. We have now begun an examination of the wing patterns of other
species of Bicyclus to detect possible examples of the types of phenotype illustrated in Fig.
7 and to examine some of the ideas about the potential for evolutionary constraints.
9. SPECULATIONS ON THE DIVERGENCE OF EYESPOT
PATTERN AMONG SPECIES OF BICYCLUS
We have examined a collection of about 45 of the 80 species of Bicyclus (see also
Condamin, 1973). Some differences among species involve the type of general divergence
in eyespots which parallels those changes considered to be associated with potentially rapid
responses to selection on the quantitative genetic system which influences the whole set of
dorsal or ventral eyespots. Species in which all the eyespots are more or less uniformly
increased or decreased in size are not uncommon. The seasonal forms of many species
exhibit this same tendency of general changes in eyespot size on their ventral wing surfaces.
The majority of species of Bicyclus express no eyespots on the dorsal surfaces of the wings
(cf the LOW line in B. anynana). Some species show a general shift of the eyespots
towards the edge of the wings (e.g. B. sanaos. Fig. 9A, cf Fig. 7). The outer gold annulli
of the ventral hindwing eyespots of one species, B. anisops, show a proximal 'invasion' of
an orange-red coloured pigment.
Differences also occur among the species which involve subsets of the eyespots, and
which might suggest substitution of alternative allô les at 'major pattern loci' comparable to
the effect of fixation of the spotty allele in B. anynana. Several species (e.g. B. evadne and
B. procorus; Fig. 9C) tend to express a distinct dorsal anterior forewing eyespot but no (or
a very small) posterior eyespot. Two of the ventral hindwing spots are not expressed in B.
auricrudus (Fig. 9D). B. ignobilis (Fig. 9B) shows a dramatic rearrangement of the ventral
eyespots with certain adjacent pairs being markedly shifted proximo-distally, and many
other species show similar but less dramatic pattern modifications. B. hyperanthus (Fig. 9E,
F) expresses, on both wing surfaces, a conspicuous extra forewing eyespot which coalesces
with the normal anterior eyespot; it thus exhibits some parallels with the spotty phenotype
in B. anynana. Several other species sometimes show distinct, but small, additional eyespots
on both surfaces of the forewing. B. hyperanthus also expresses ventral eyespots with
particularly prominent gold annulli and white pupils whereas some other species (e.g.
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B
Fig. 9. Examples of differences in eyespot patterns occurring in the genus Bicyclus. Each line drawing was
produced by tracing from a photograph of a museum specimen. The inner white pupil together with
the middle black and outer gold rings are shown for each eyespot. Species:
A) B. sanaos (ventral wing surface); B) B. ignobilis (ventral); C) B. evadne (dorsal); D) B.
auricrudus (ventral); E) B. hyperanthus (dorsal) and F) B. hyperanthus (ventral).
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B. hewitsoni) have comparatively narrow gold annul l i and small pupils.
At present, interpretations of the genetic basis of the Bicyclus phenotypes can only be
speculative. However, some tests will be possible by the use of further selection
experiments or by making genetic analyses of new species. Grafting experiments are also
possible between species (unpublished). We believe that with such further work an
understanding of the interactions between genetic variances and developmental mechanisms
in selected species will lead to more specific insights about the processes of evolutionary
divergence among species and about constraints which may influence such patterns of
divergence.
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